Abstract The presence of unpleasant taste and odour in drinking water is an ongoing aesthetic concern for water providers worldwide. The need for a sensitive and robust method capable of analysis in both natural and treated waters is essential for early detection of taste and odour events. The purpose of this study was to develop and optimise a fast stir bar sorptive extraction (SBSE) method for the analysis of geosmin and 2-methylisoborneol (MIB) in both natural water and drinking water. Limits of detection with the optimised fast method (45 min extraction time at 60 8C using 24 mL stir bars) were 1.1 ng/L for geosmin and 4.2 ng/L for MIB. Relative standard deviations at the detection limits were under 17% for both compounds. Use of multiple stir bars can be used to decrease the detection limits further. The use of 25% NaCl and 5% methanol sample modifiers decreased the experimental recoveries. Likewise, addition of 1 mg/L and 1.5 mg/L NaOCl decreased the recoveries and this effect was not reversed by addition of 10% thiosulphate. The optimised method was used to measure geosmin concentrations in treated and untreated drinking water. MIB concentrations were below the detection limits in these waters.
Introduction
Many water providers worldwide receive complaints regarding an unpleasant earthy/musty odour in drinking water. This type of odour has been linked to two predominant microbially generated organic chemicals, geosmin and 2-methylisoborneol (MIB) (Mallevialle and Suffet, 1987) . Although there are no known adverse health effects caused by these compounds, there is an issue with the aesthetic quality and customer perception of the water. Humans can detect these odours at very low concentrations, from 4 ng/L for geosmin and 9 ng/L for MIB (Watson et al., 2000) . Therefore, a very sensitive method, involving preconcentration, is required to measure geosmin and MIB at or below this level. Previous preconcentration methods have included closed loop stripping, liquid -liquid extraction, steam distillation and purge and trap methods (Lloyd et al., 1998; Watson et al., 2000) . These were found to be expensive, time consuming and labour intensive (Lloyd et al., 1998) . They require expensive and complex instrumentation and large sample volumes, 100-1000 mL (Watson et al., 2000) .
A simple solid phase micro-extraction (SPME) method was developed in which an absorbent material, polydimethylsiloxane (PDMS), was incorporated within a needle, which could be immersed within a smaller sample volume to concentrate geosmin and MIB (Lloyd et al., 1998; Watson et al., 2000) . Detection limits from 1-10 ng/L could be obtained with the SPME method. The stir bar sorptive extraction (SBSE) technique is a recently introduced preconcentration method (Baltussen et al., 1999) that uses a similar approach to SPME. A magnetic stir bar incorporated into a glass jacket is then coated with PDMS, giving approximately 50 times greater volume than that used with SPME. The stir bar is added to a sample vial and stirred for an appropriate length of time during which the analytes are partitioned into the stir bar. After extraction, the stir bar is removed from the sample and placed in a glass tube, which is then transferred to a heating unit where the analytes are thermally released and measured by gas chromatography or gas chromatography-mass spectrometry (GC-MS) (Baltussen et al., 1999; Nakamura et al., 2001) . Detection limits of 0.091 ng/L for geosmin and 0.18 ng/L for MIB were reported by Nakamura et al. (2001) , although it was observed that experimental recoveries were quite low (53% for geosmin and 37% for MIB) compared with theoretical SBSE recoveries.
Further optimisation by Benanou et al. (2004) demonstrated 120 min to be the optimal extraction period, obtaining spike recoveries of 87 -117%. Benanou et al. (2004) reported using two stir bars in identical samples to decrease limits of quantification (0.5 ng/L for geosmin and 1 ng/L for MIB). The authors did not, however, thoroughly examine the effect of using multiple stir bars on geosmin and MIB recovery. The enrichment of the stir bars was found to be time-consuming (allowing only 20 measurements per day), though not labour intensive. Comparison of these detection limits with the limits of detection described by Nakamura et al. (2001) values demonstrate that the GC-MS sensitivity is crucial to the detection/quantification limits obtained.
The purpose of this study was to develop a fast extraction procedure for the analysis of geosmin and MIB in natural and treated waters for Gold Coast Water, as they receive occasional complaints about drinking water taste and odour. Several parameters were examined in order to optimise the experimental recovery: extraction time, extraction temperature, use of multiple stir bars, addition of sodium chloride and methanol sample modifiers, and the effect of chlorine levels on recovery. The optimised method was then used to determine geosmin and MIB concentrations in natural and treated Gold Coast waters.
Methods

Instrumental conditions
Analysis was carried out on a Hewlett Packard gas chromatograph 6890 attached to a mass selective detector 5973 (Agilent Technologies, Palo, Alto, CA, USA) and equipped with a Gerstel TDS-2 thermodesorption system (GmbH, MŰ lheim, a/d Ruhr, Germany). A CIS-4 PTV injector (Gerstel GmbH) was used to cryofocus the analytes prior to transfer into the analytical column. The TDS was operated in splitless mode and was heated from 20 to 280 8C at 60 8C/min and held at 280 8C for 3 min. The CIS-4 was cooled to 2 10 8C with liquid nitrogen then heated to 250 8C at 12 8C/min with a 1-min hold. The transfer line was held at 250 8C. A HP-5MS column was used (30 m £ 0.25 mm i.d. £ 0.25 mm film thickness). The column was held at 50 8C for 1 min then heated to 250 8C at 30 8C/min and held for 12 min. The front inlet was run in the Solvent Vent mode with a helium flow rate of 1.0 mL/min constant flow and a pressure of 8.11 psi. The MS was operated in selected ion monitoring (SIM) mode with the ions 112 and 125 m/z monitored for geosmin and 95 and 108 m/z for MIB with a dwell time of 400 ms per ion.
Extraction procedure
A stir bar (10 mm length, 0.5 mm film thickness, polydimethylsiloxane (PDMS) volume 24 mL) was obtained from Gerstel (GmbH, MŰ lheim a/d Ruhr, Germany). Water samples
of 15 mL were placed into a 15 mL vial with the stir bar and sealed. The sample was stirred for 45 min at a speed sufficiently fast enough to allow constant flow over the stir bar but without the creation of a vortex. Following extraction, the stir bar was briefly dried with a lint-free tissue and transferred into a thermal desorption tube and desorbed in a thermodesorption system (TDS). Deionised water (MilliQ) was spiked with geosmin and MIB standard for most applications unless otherwise stated.
Optimisation of SBSE
The theoretical recovery of SBSE can be calculated by the following Default (Baltussen et al., 1999) . The K O/W partition coefficient is determined for organic molecules because it approximates the partitioning between water and fatty tissues. For measurement purposes it also approximates the partitioning between water and PDMS: Compound recovery is therefore limited by its octanol-water partition coefficient and the amount of PDMS available on the extracting material. Figure 1 shows the theoretical recovery curves of SPME, and SBSE at two PDMS volumes (24 and 48 mL). Geosmin has a Log K ow of 3.57 and MIB 3.31 (Nakamura et al., 2001) . According to the theoretical recovery, geosmin will only have a maximum experimental recovery of 86% and MIB of 77% under standard conditions with a 24 mL stir bar, and 90% and 83%, respectively, with a 48 mL stir bar.
Direct injection (5 mL) of geosmin and MIB at concentrations from 10 to 500 mg/L was undertaken and a mass-based calibration curve constructed. From the calibration equation, the mass of the compounds extracted by SBSE was calculated. The experimental mass recoveries (%) were calculated using measured mass/initial mass p 100. The theoretical recoveries should be an upper limit of the experimental recoveries, except where conditions such as extraction temperature and sample or PDMS volumes change, in which case the theoretical recoveries will also change. For this reason, experimental recoveries are mostly used to portray the results of the optimisation study. Figure 1 Theoretical SPME and SBSE recoveries based on a 15 ml sample for characteristic PDMS volumes. Geosmin and MIB have Log K ow values of 3.57 and 3.31, respectively T. Bauld et al.
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Extraction temperature was examined by placing samples in a water bath with ice to reach 5 8C while stirring. Extraction was undertaken at room temperature (constant 22 8C) as well as heating a water bath to 60 8C. Samples were stirred for 30 min and spiked with 100 ng/L. The extraction time was investigated over 15 to 120 min. The samples were spiked with 100 ng/L standards and heated to 60 8C. Experimental recoveries with varying extraction times were determined for stir bars with both 24 mL and 48 mL PDMS coating.
The effect of multiple stir bars was examined by performing extractions with the optimal conditions on thirty 100 ng/l standards. GC-MS measurements (n ¼ 3) were made with one, then two, three and four of these stir bars inserted into the thermal desorption tube.
Effect of chlorination and dechlorination
To examine the effect of chlorination on compound recovery, 1.0 and 1.5 mg/l NaOCl hypochlorite were added to deionised water samples. The chlorinated samples were then spiked with 10 and 100 ng/L geosmin and MIB. To determine the effect of dechlorination, samples were made as described above with the addition of 10% sodium thiosulfate. This level of sodium thiosulfate completely removed chlorine from the sample. Samples were extracted for 45 min at 60 8C using a 24 mL stir bar.
Measuring treated and untreated water samples
Water samples were collected at nine locations on September 24th, 2003. Water pH, conductivity and temperature were measured when each sample was collected. Untreated water from Hinze Dam, Hinze Dam Pumping Station, Molindinar Treatment Plant were sampled. Recirculated, filtered and fully treated water from Molendinar were also sampled. Three samples from the reticulation system were also collected at Coombabah, Paradise Point and Broadbeach. These samples were collected using trace procedures with all sample containers prepared by Gold Coast Water Scientific Services and transported and stored at less than 4 8C. The geosmin and MIB concentrations were measured with a new calibration curve, prepared by accumulating standard solutions (0-100 ng/L) of geosmin and MIB on the stir bars for 45 min at 60 8C using a 24 mL stir bar and measuring them on GC-MS.
Results and discussion
Optimisation of SBSE method
The effect of extraction temperature on geosmin and MIB recovery was examined. This was investigated using 15 mL water samples placed in a water bath at 5, 22 and 60 8C and extracted for 30 min. Higher temperatures were not examined due to the potential for volatilisation losses. For both compounds, the recoveries increased linearly when the temperature was increased (Figure 2 ). There was a more pronounced increase for geosmin (19% for geosmin and 10% for MIB from 5 to 60 8C), which is probably due to temperature dependence of the partitioning between PDMS and water. Due to the significantly higher sensitivities obtained at higher extraction temperature, 60 8C was selected as the optimal temperature for all further experiments.
The recoveries for 15 mL water samples using stir bars coated with 24 and 48 mL of PDMS were determined (Figure 3) . Six extraction times between 15 and 120 min were examined (n ¼ 3). The 48 mL stir bars resulted in slightly higher recoveries for both compounds. However, the 24 ml stir bars were used for the rest of this study because we had many more of them. Regardless of stir bar size, however, it was found that both geosmin and MIB reached equilibrium at approximately 60 min. A period of 45 min was chosen as the optimal extraction period for all successive analyses, because of the time it would save for each measurement and because the values were very close to those obtained with 60 min and longer. The relative standard deviations (RSD) were under 12% for both compounds at either stir bar size at 45 min. This indicates that the method was also reproducible.
As mentioned by Benanou et al. (2004) , by using multiple stir bars to extract samples, greater sensitivity can be gained. The authors, however, did not look into this relationship further. Extraction was undertaken at room temperature (to save the time needed to heat 30 replicates) for an extraction period of 45 min. The stir bars were then analysed by placing one, then two, three and four at a time (n ¼ 3) into the thermal desorption tube. Geosmin and MIB both displayed linear increases in measured mass (Figure 4 ) up to and beyond the 0.15 ng present in each standard solution. Due to limited availability of stir bars, this process was not used for further experiments, although would be beneficial for reaching lower limits of detection if sufficient resources were available to use them for routine analysis. Figure 3 Mean experimental recoveries (n ¼ 3) for geosmin and MIB using the 24 and 48 mL coated stir bars with 15 mL 100 ng/l solutions. Extraction was at 60 8C Figure 2 Effect of extraction temperature on geosmin and MIB recovery (n ¼ 3) using a 30-min extraction period; 15 mL deionised water was spiked with 100 ng/l geosmin and MIB T. Bauld et al. 63 In order to reduce the solubility of geosmin and MIB in water and thus assist with extraction of the analytes, 25% w/v sodium chloride was added to samples. Unlike solid phase microextraction (Watson et al., 2000) , the addition of sodium chloride to the samples did not improve recovery of either compound and was therefore not undertaken in any further analyses (Table 1) . Methanol addition to samples can potentially reduce the effects of wall adsorption by the odour compounds and thus obtain a better recovery. To examine this, 5% v/v methanol was added to samples prior to extraction. However, an unknown impurity within the methanol was found to obscure the MIB peak. The recovery of geosmin also decreased with addition of methanol ( Table 1 ). The addition of methanol therefore appeared to have no advantage and was not pursued further in this study.
Effect of chlorination and dechlorination
The effect of chlorination and dechlorination on geosmin and MIB experimental recoveries was investigated (Table 2 ). For each of the geosmin concentrations, the solution without anything added was significantly higher than both of the chlorinated samples. After treatment with the 10% thiosulfate, only the 100 ng/L þ 1.5 ng/L NaOCl sample was not significantly lower than the original 100 ng/L solution. For the 100 ng/L geosmin, Figure 4 The effect of use of multiple stir bars (n ¼ 3) on the measured mass of geosmin and MIB with 15 mL 100 ng/l solutions. Extraction was at room temperature for 45 min Table 1 Extraction recovery for the addition of sample modifiers to deionised water spiked with 100 ng/l geosmin and MIB (n ¼ 3). Samples extracted for 45 min at 60 8C Table 2 The effect of chlorination at 1 and 1.5 mg/L NaOCl and dechlorination (10% thiosulfate) on mean experimental recovery for 15 mL deionised water samples spiked to 10 and 100 ng/L. Analysis was carried out at 60 8C and stirred for 45 min (n ¼ 3). One-way ANOVAs (a ¼ 0.05) followed by Tukey's B post hoc tests were carried out (different subsets indicated by lower case letters). The geosmin 100 ng/L solutions had inhomogenous variances (Levene Statistic) and were evaluated with a non-parametric test (Underwood and Chapman, 1997 even though the chlorinated samples were significantly lower, the recoveries were only approximately 5% lower. For the 10 ng/L geosmin the chlorinated recoveries were at least 17% lower, indicating that the concentration is being greatly underestimated. The results of the 100 ng/L additions were very unusual, suggesting that the additions of chlorine actually increased the recovery of MIB. Chlorination decreased the recovery for the 10 ng/L MIB solutions significantly and dechlorination did not reverse this observation. Overall, it is apparent that the presence of chlorine does interfere with the SBSE measurement of geosmin and MIB and that the addition of 10% thiosulphate was not effective at reversing this effect. These results need to be investigated further, possibly to optimise the use of thiosulphate to remove OCl 2 .
Measuring treated and untreated water samples
The optimal extraction conditions (45 min at 60 8C using the 24 mL stir bars) were used to measure (n ¼ 6) geosmin and MIB in a natural water sample that was spiked with 10 ng/L geosmin and MIB. A calibration curve was derived from standard solutions being extracted and measured with the same procedures. The limit of detection (LOD) was calculated at three times the standard deviation and the limit of quantification (LOQ) at 10 times the standard deviation. Under the optimal conditions examined, the LODs were 1.1 ng/L for geosmin and 4.2 ng/L for MIB and the LOQs were calculated at 3.7 and 14 ng/L for geosmin and MIB, respectively. The RSD values were 16.7% for geosmin and 10.4% for MIB. The optimised method for the measurement of geosmin and MIB was used to determine their concentrations at nine locations from the Hinze Dam to several taps on the Gold Coast (Table 3) . MIB was found to be below the LOD at all sites. Geosmin was present at all the sites at concentrations generally near or below the level of human perception. From the geosmin results it can be seen that there is relatively little change in concentration throughout the distribution system. Geosmin was found to be highest at the Molendinar Recirculation site. The source of the geosmin appears to be the Hinze Dam, with the treatment process having very little influence on the geosmin concentrations and no sign of geosmin production within the reticulation system. The general levels present, however, were very low and there may be a more pronounced effect from the treatment processes with higher geosmin levels. No effect of chlorination was observed in the treated samples. These observations will need to be investigated further. 
